Abstract-Integrating renewable energy resources (RER) into the power grid may jeopardize the whole power system if the penetration level or solar PV uncertainty is not thoroughly managed. The critical impact on the behaviour of power system can be observed during the line outage in a power grid connected with large-scale RER. Therefore, contingency analysis (CA) is crucial to assess such hybrid power grid. This paper proposes a framework based on CA to assess the simultaneous effect of large-scale solar photovoltaic (PV) power plants integrated with the existing power grid, particularly, in the aspects of implementing effective measuring indices. Simulation studies have been carried out on a practical power system, which was modelled by considering the probability of solar irradiance at different locations in Sarawak. The study presented in this paper can provide an insight to identify the level of insecurity for a large-scale deployment of solar PV systems in Sarawak.
I. INTRODUCTION
The ultimate objective of the power grid is to transport electricity from power plants into the electricity end-users. Generally, the increase in the environmental impact of traditional power plants corresponds to the load growth. As such, the use of RER is one of the optimal choices to reduce the negative effect due to the burning of fossil fuels. From the utility system perspective, RER act as a tool to relieve the transmission constraints and satisfy the load growth. However, an embodied power grid with RER creates challenges and risks that might threaten the whole power system. For instance, an improper location of RER in the power grid may enhance more power losses and reduce the power system reliability [1] . Hence, with the aim of effective RER integration, safety measures are usually considered when selecting the size and location of RER [2] .
There are many issues of integrating the RER into the power grid such as; undesirable changes in power quality, voltage profile, system stability, line loading and generation mismatch. These changes somehow have a negative impact on the cost of maintenance, reliability and lifespan of the devices in a power system during contingencies. In addition, a reverse power flow might occur due to the bidirectional nature of the integrated power grid, causing many problems in the operation and control of regulating devices, and the setting of protection relays. On the other hand, an appropriate location and sizing of RER can improve the voltage profile during the peak demand period, and thus, minimising the line loading which in turn will reduce the power losses [3] .
The solar PV power plant is also known as a utility-scale PV unit. It is a large-scale PV system (solar farms) designed to supply electricity into the power grid rather than into an isolated local load. Evidently, such systems will become in the future one of the main components in the Malaysian power grid, as the Energy Commission (EC) of Malaysia intends to build large-scale solar PV plants in Peninsular Malaysia and Sabah/Labuan. The EC said in a release that the capacity of solar PV plant is in the range of 1 to 35 MW and expected to be commissioned in 2019 -2020. The target is to generate in total a 460 MW from the installed solar PV plants, 360 MW in Peninsular Malaysia, while in Sabah/Labuan 100 MW [4] .
A variety of study efforts concerning the large-scale RER integration with the power system was published during the last years. Due to the growth of RER penetration, the power system needs an additional operating reserve to secure enough power to maintain the flexibility of the integrated power grid. The study in [5] proposed an operational strategy base frequency regulation to attain the flexibility of power grid integrated with utility-scale solar PV units. To enable the optimal operations of RER, authors in [6] provides details on the integration requirements and characterisation of variable renewable energy (VRE) through; energy storage, the utilisation of demand response, non-VRE ramping requirement, VRE curtailment rates, and system costs. A dynamic energy management strategy was proposed in [7] to optimise the large-scale integration, and to ensure the improvement of the operating performance in terms of energy utilisation, power quality, adaptability and autonomy of the distribution system. As reported in [8] , an integration of large-scale RER poses fundamental challenges to the power system operation and control of generation. The authors in [8] identified a number of concerns that should be addressed such as; the formation of short-term electricity markets, energy management, renewable energy policies with the Carbon Dioxide reduction, and internationally harmonising the energy policies of the integrated power grid. The usage of utility-scale PV to enhance system frequency with regard to the power grid stability was analysed in [9] . The authors developed an approach to coordinate the voltage and frequency for achieving a dynamic grid support and primary frequency control. The performance of a 10 MW PV plant integrated with the Indian power grid has been investigated in [10] . The plant was designed to operate with a seasonal tilt, aiming to obtain the required data needed for evaluating the benefits of operating the plant based on the output of the net energy.
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The analyses of the integrated power grids in the abovementioned studies have not considered the assessment of power grid during the reconfiguration process, which may occur at the time of fault or after clearing the fault. Generally, the outage of one or several transmission lines leads to overload in other branches or buses, causing a sudden rise or drop in voltage. Therefore, the purpose of CA is to identify the overload or problem that arises in the power system during the contingency occurrence. Awareness in preventing the worst case during disturbances relies on detecting the severity level of each line outage that might occur in the power grid. In due to that, many researchers have studied the contingency analysis, aiming to identify the impact of line outage [11] - [15] . A state estimation approach was applied in [11] to overcome the post-contingency issues due to the change in measurements, system topology and optimisation problem. A statistical algorithm based on voltage and phase angle measurements was proposed in [12] . An index was developed in [13] , which aims to classify the most critical line in the system that may lead to load shedding conditions. Authors in [14] and [15] introduced statistical evaluation based voltage performance and active power performance indices. The idea here is to measure the changes in voltage at all buses. The summation of these indices can be used to determine the severity ranking as such; the higher the value of the performance index when an outage occurs, the more severe the transmission line is. It should be noted that the reactive power limit of the generating units was considered in [14] .
In the recently published works about line outage CA as discussed above, the analyses towards the development of effective indices have been carried out on traditional power systems without taking into account the interaction of power system with RER. Though in the analysis of the test case by [16] the integration of wind power generation during contingency was included, a particular approach for the modelling of performance indices is not found. Hence, this paper focus on the modelling of a practical power system integrated with large-scale PV power plants. In this work, it has been assumed that the PV systems are installed in different areas. Accordingly, the stochastic nature of solar irradiance has been modelled to forecast the solar PV power output in each location. The rest of the paper is organized as follows: Section II discusses the structure of power system in Sarawak with the daily loads and the probability model of solar irradiance. The modelling of the integrated power grid with the standard and modified indices for CA is explained in Section III. The verification of the modelling is presented in Section IV. Finally, the conclusion is given in Section V.
II. INPUT DATA OF POWER GRID AND SOLAR PV UNITS

A. Data of the Power Grid in Sarawak
The Sarawak power system data with the circuit diagram is confidential. Therefore, a test system representing the power grid in Sarawak has been designed based on the reachable information collected from Fig. 1 [17] . This information was compiled with other data obtained from [18] - [20] . Accordingly, the assumed configuration of the test system in Sarawak is depicted in Fig. 2 . The average daily load demand was taken from [21] , expecting that the demand in Sarawak has grown in the last years in a certain percentage. Hence, the load profile in [21] was modified to reflect the change as plotted in Fig. 3 . In fact, the employed test system in this study currently contains fuel power plants and hydropower plants. This test system was modified to incorporate large-scale solar PV plants (see Fig. 2 ) connected to the load buses "4, 5, 8, 16, 20, 21" , which are located within the areas of Bintulu, Miri, Mukah, Sarikei, Sri Aman and Kuching.
B. Solar PV Source Modelling
To model a solar PV plant, it is crucial to obtain the solar data, which greatly depends on climate and latitude. Utilizing a deterministic model to study the impact of RER, may not reflect the real behaviour of the power system during disturbances or for determining the power reserve scheduling [22] . Fig. 4 shows the monthly data of solar radiation to the earth's surface collected from [23] , while the small window within Fig. 4 is the daily solar radiation obtained from the monitoring system installed in Unimas. It is clearly seen from Fig. 4 that for accurate analysis of an integrated power grid, the uncertainty of solar PV generation must be considered in each location of the installed PV plant [24] . Bearing in mind the different methods used for fitting data to the probability distribution, based on the type of study, the investigator can only decide the possible approach of generating the data to create the probability density function. In this study, a selected period of one year is divided into 12 durations for each location, and typical peak hour is generated for each day at each location to represent the random behaviour of solar irradiance. This obtained data is modelled for each location using the normal probability density function (PDFs) as seen in Fig. 5 and expressed in (1) [25] . In other words, there are 360 time segments in the year and each segment refers to a particular peak hour a day. Therefore, the normal PDFs are utilized to calculate the energy production of solar PV for each segment.
where, is the random variable which is the solar irradiance in W/m²; and are the mean and variance of solar irradiance respectively. The normal function for each site is simulated using the known values of the mean and standard. Consequently, the solar PV output power is calculated using (2) corresponding to each random variable determined by (1) [26, 27] , and the number of PV modules "M".
The fill factor " " can be calculated as in (3), through the parameters of current " " and voltage " " at the maximum power point, the short circuit current " " and open circuit voltage " ".
The voltage (V) of the PV module is dependent on and the cell temperature " " (°C), including the voltage temperature coefficient " " (V/°C) and can be found as,
The current of the PV module " ( )" (A) is calculated using (6) . T is the ambient temperature; S is the average solar irradiance (kW/m²); is the PV cell operating temperature (°C); is the current temperature coefficient (I/°C). ) According to [23] and [28] , the solar PV output can also simply be estimated for planning studies as follows,
where, A is the total area of solar PV plant in m²; is the PV module efficiency; is the inverter efficiency; is the ratio of electrical power to the area of one panel. Let consider a part of the power grid shown in Fig. 2 is represented by some buses of the transmission system as in Fig. 6 . When ∆ = 0 and with no line outage occurrence, the system is in the steady state condition and can be modelled for the calculation of power flow as in [29] . The standard equation of the current injected in bus is expressed as,
where " " represents the number of buses in the power system; is the admittance between lines " " and " "; is the voltage at bus " ". The current flow can be written in terms of active and reactive power as,
and is the injected active and reactive power into the system respectively. is the voltage magnitude at bus " ". The sum of the total power losses is calculated as [1, 29] ,
where,
and are the net active and reactive power injection at bus " " respectively; and are the conductance and susceptance of the line between buses and respectively; is the voltage angle at bus , and at . So far, many studies in the literature have not assumed in (10) the system reconfiguration due to the contingency occurrence in an integrated power. For this reason, (10) is extended as given in the following modelling to include the CA in a power grid containing solar PV systems. The injection of external current source "∆ " into bus " " (which can be a solar PV source), will cause a change in the flow of power. This change depends on the location of PV power plant in the power system, and thus, the following equation holds true,
where, is the power of PV source installed at bus " ", which can be found using (2) or (7); represents the sources from the power plant at bus " "; and is the load demand at bus " " and power loss at branch " " respectively. As such, (10) will be modified to include the injected power from solar PV, utilizing the probability density functions in (1) . Hence, the following expression adopts the above-mentioned modification,
Note that LVRT stands for a low voltage ride through, which is the ability of a solar PV inverter to inject reactive power for a short duration. Referring to (10) and (11), the Jacobian matrix in (15) gives the linear relationship between the changes in the angle "∆ " and bus voltage "∆ " with the variations in active "∆ " and reactive "∆ " power [15] .
Consider a situation when an additional current " " (from solar PV plant) injected into bus with an outage of the line connecting buses and (see the highlighted shapes in the blue dashed lines, Fig. 6 ), the change in the voltage values at buses ∆ and ∆ are written in (16) and (17) . Thus, the change of the current in the line connecting and has impedance can be found using (18) .
Although the system response due to the solar PV injection or line outage occurrence can be assessed using (13) and (16)- (18), it would not be possible to get an accurate evaluation to measure the performance of the reconfigured integrated power grid in such circumstances. Therefore, this paper introduces the incorporation of the performance indices in the proposed framework. These indices were initially proposed in [30] to assess the impact of the power system during line outage and generator outage as well. Additionally, the same indices were utilized in [31] with the application of neural networks to estimate the security level during the line or generator outage; whereas in [15] , the authors combined the performance indices of power and voltage to represent the condition of the power grid during line outage. In this work, these performance indices are used with slight modification in order to measure the security of an integrated practical power grid during line outage.
The voltage and active power performance indices employed in [15] are given in (19) and (20) Here, | | is the voltage magnitude at bus " "; is the voltage magnitude at specified bus " " ; ∆ is the limit of voltage deviation, which can be measured by taking the average value of the minimum and the maximum permissible voltage at the bus " "; is a real positive weighting factor; = 1 is an exponent of the penalty function. The active power performance index " " indicates the active power flow violation in the system. Particularly, it measures the severity of line overloading as given in the following expression,
were, is the power flow (MW) through the transmission line;
is the maximum power flow capacity through this transmission line; is the number of the transmission lines of the power system. The summation of (19) (20) was used in [15] to determine the severity ranking as such; the higher the value of the performance index, the more severity level when an outage occurs in the transmission line.
As indicated earlier, when modelling the system without considering its reconfiguration as in (10) and (11), the performance indices are found by (19) and (20) . However, when using the proposed framework, these indices are employed with respect to the change in the system as given in (13)- (18) . Consequently, the power performance index is modified, and the new expression of the participation performance index used in the proposed framework is,
where, is the power injected by the solar PV; ∆ is the difference between the total generated power from the traditional power plants and total load demand. In other words, the power injected from the PV solar will be higher when the consumed power exceeds a threshold level recognised by severity ranking.
IV. RESULTS AND DISCUSSION
Initially, the modified test system has been analysed in the base case scenario to identify the steady state condition. In the next stage, the large-scale solar PV power plants have been connected to the load buses. It is to be noted that the system has been simulated with load demand of the peak hour. According to [4] and [10] , in this study, the selected capacity of each solar PV plant connected to the power grid is in the range of (12---15) MW. Further, in order to find the maximum PV output at each location, the continuous normal PDF in each location has been divided into stages (intervals). To ensure the accuracy and avoid the complexity, each stage is selected to be (100 W/m²). As such, the probability of solar irradiance for each stage ( -) during any specific peak hour ( ) is found by (22) . Then, the identified stages are passed through the solar PV output equation to calculate the generated solar PV power by employing (7) as seen from the results shown in Fig. 7 .
2018 IEEE 7th International Conference on Power and Energy (PECon) Fig. 7 . Peak stage probability of (a) solar irradiance (b) solar PV output Fig. 8 shows the voltage profile before and after injecting the utility-scale PV units. This figure also depicts the percentage of power loss reduction for two scenarios (high and low probabilities). It is observed from Fig. 8 that the system is in a healthy condition after PV connection, where the voltage values are between (0.95 pu and 1.03 pu).
Furthermore, the system was subjected to a number of line outages, focusing on the outages that cause overloading of other lines. In both scenarios (without and with solar PV plants), the performance indices were determined for each line outage as listed in Table 1 . The voltage profiles and power losses are also graphically shown in Figs. 9 ---12.
The results of the line outages before PV integration (during the peak hour load) are shown in Figs. 9 and 10. As seen in Fig. 9 , the change in the voltage magnitude of each bus depends on the location of line outage. For instance, before line outages, all buses were within the acceptable voltage limits (see Fig. 8 ). After the outage of some lines, the voltage values in some buses have become below the voltage values at pre-contingency states (see Fig. 9 ). Looking at the values of indices in Table 1 (before PV), it can be verified that the outages of lines connected between bus 9 and bus 16, and the two sections connected between bus 25 and bus 26 are more critical outages than other line outages. On the other hand, the accuracy of determining the impact can be achieved using the performance indices. In the second scenario (with solar PV plants), the power system is assumed to have solar PV plants installed in some selected locations as shown in Fig. 2 . Here, the penetration level is the ratio of the generated power from each solar PV to its nominal capacity. This is directly related to the obtained result shown in Fig. 7 . It should be mentioned that the highlighted ''high PV'' in Fig. 8 denotes to the probability of high PV power output during the peak solar irradiance at each location. This normally occurs in the time between (12:00 ---14:00), where the peak load demand may reach to its maximum peak hour. Compared to the previous scenario (line outage without PV integration), the injected power from utility-scale solar PV units at different locations resulted in a reduction of the generated power from the existing power stations. Figs. 11 and 12 show the results of voltages and power losses during line outages after PV integration. As shown in Fig. 11 , the minimum voltage magnitude is 0.87 pu when line outage occurred between bus 9 and bus 16. Compared with Fig. 10 , the active power loss in Fig, 12 reduced from 80 % to 11 % and the reactive power loss dropped roughly to 12 %. The reason for these reductions is because of the system reconfiguration in the power grid caused by the line outage, mainly, the change of power transfer from the source buses into the load buses. On the other hand, the maximum voltage magnitude is 1.18 pu with the corresponding reductions of losses when line outage occurred between bus 9 and bus 16. The calculated performance indices associated with each line outage after the solar PV integration, clearly illustrate (see Table 1 ) the difference with respect to the first scenario. The significant change in the severity level when a similar outage occurred in the system before and after the solar PV integration, obviously indicates the importance of the improved participation performance index. There are several reasons for this; firstly, the voltage performance indices for the cases 4 and 6 in Table 1 (after solar PV connection) are not within reasonable values. Secondly, the changes in the active and reactive power losses are remarkable and do not reflect the severity levels, measured by the voltage performance indices for the cases 4 and 6 as compared to the other cases. Since the outages of some lines resulted in an unavoidable overloading on other branches, both indices must reflect similar classifications of the impacts. It is worth to note that the participation performance index gives a clear picture of the severity level in the system within a limited range, as such, the value close to one or above indicates the high severity of the system when an outage occurs.
V. CONCLUSION
A developed framework for contingency analysis is presented in this paper for measuring the severity level of an integrated power grid during the line outage. The random behaviours of solar irradiance have been modelled utilizing the normal PDFs for six locations in Sarawak. The standard and modified performance indices have also been applied to a typical example of a practical power system designed based on the available published data. The results revealed that regardless of power loss reduction that can be realized when solar PV integrated with the power grid, a significant increase in the voltage could occur during a line outage, particularly, when the solar PV plant is utilized with its maximum capacity. Therefore, the future work suggests the development of an accurate index capable of obtaining the power set points of solar PV plant where no constraints of the power grid are violated.
